Neural stem cells (NSCs) offer special therapeutic prospects because they can be isolated from the CNS, expanded ex vivo, and reimplanted into diseased CNS where they not only migrate and differentiate according to cues from host tissue but also appear to be capable of affecting host cells. In nervous (nr) mutant mice Purkinje neuron (PN) mitochondria become abnormal by the second postnatal week, and a majority of PNs die in the fourth to fifth weeks. We previously identified in nr cerebellum a 10-fold increase in tissue plasminogen activator (tPA) as a key component of the mechanism causing nr PN death. Here we report that undifferentiated wild-type murine NSCs, when transplanted into the newborn nr cerebellar cortex, do not replace host PNs but contact imperiled PNs and support their mitochondrial function, dendritic growth, and synaptogenesis, subsequently leading to the rescue of host PNs and restoration of motor coordination. This protection of nr PNs also is verified by an in vitro organotypic slice model in which nr cerebellar slices are cocultured with NSCs. Most importantly, the integrated NSCs in young nr cerebellum rectify excessive tPA mRNA and protein to close to normal levels and protect the mitochondrial voltage-dependent anion channel and neurotrophins, downstream targets of the tPA/ plasmin proteolytic system. This report demonstrates for the first time that NSCs can rescue imperiled host neurons by rectifying their gene expression, elevating somatic stem cell therapeutic potential beyond solely cell replacement strategy.
Introduction
Neural stem cells (NSCs) are defined operationally by their ability to self-renew and differentiate into cells of glial and neuronal lineages and to populate developing or diseased CNS regions (Parker et al., 2005) . In previous experiments we observed that mouse (Rosario et al., 1997) and human (Flax et al., 1998) NSCs could repopulate diseased sites in mutant mouse cerebellum by shifting the differentiation fate of their progeny to compensate for a particular missing neural cell type. However, a new concept is emerging that "communication" between injured host brain and NSCs is not unidirectional but, rather, a genuine "dialogue" whereby transplanted NSCs not only migrate and differentiate according to cues from developing or diseased host tissue but also appear to be capable of affecting host cells Marconi et al., 2003; Imitola et al., 2004a,b) .
Progressive degeneration of Purkinje neurons (PNs) is prominent in many human and mouse diseases (Sarna and Hawkes, 2003) . The nervous (nr) autosomal recessive mutation, with its unique mitochondrial phenotype, was the first described inherited mouse model of PN degeneration (Sidman and Green, 1970) . Between postnatal day 21 (P21) and P35 a majority of nr PNs degenerate. Motor hyperactivity and ataxia become evident early in the course of PN degeneration. Retinal photoreceptor cells also die at P11-P19 and more slowly after P90 (LaVail et al., 1993) . The nr gene was mapped to a 1.4 centimorgan (cM) region of mouse chromosome 8 between the D8Rck1 and D8Mit3 markers (De Jager et al., 1998) . This region now is known to contain Ͼ10 candidate genes, including tissue plasminogen activator (tPA), a key component in the tPA/plasmin proteolytic system. We recently found that a 10-fold increased tPA in nr cerebellum appears to trigger nr PN death mechanisms, either directly or via downstream targets: voltage-dependent anion channel (VDAC) and selected neurotrophins such as brain-derived neurotrophic factor (BDNF) and neurotrophin 3 (NT3) (Li et al., 2006) .
In the present study we examine two fundamental questions. (1) Can NSCs mediate host cell rescue and functional recovery, perhaps a more tractable therapeutic strategy for complex neurodegenerative processes than the more conventionally voiced goal of neuronal replacement? (2) Does NSC-mediated rescue entail a reciprocal interplay between donor and host cells wherein NSCs exert their influence by actually altering gene expression and signaling pathways in host cells? Our study, via demonstrating NSC-mediated restoration of tPA and downstream targets in nr cerebellum, provides new insights into the interplay between exogenous NSCs and imperiled host neurons at levels of cell, organelle, and molecule. This under-appreciated strategy by which stem cells may play a therapeutic role not by cell and gene replacement but rather by restoring molecular homeostasis and rescuing host cells also may apply to other neurodegenerative disorders.
Materials and Methods
Animals. The nr mutation originally occurred in the BALB/cGr strain (Sidman and Green, 1970) and has been maintained by us congenic with the almost identical BALB/cByJ strain for Ͼ12 backcross generations. Progeny used in the present study were obtained from either heterozygous ϫ heterozygous or homozygous (female) ϫ heterozygous (male) crosses. The nr homozygotes were identified in segregating litters by behavioral criteria (hyperactivity and ataxia) after P21. For young (P14 -P16) mice the PN mitochondria were checked morphologically, and the nr mutants were recognized by the distinctively enlarged and rounded mitochondrial shapes (Sidman and Green, 1970; Landis, 1973) . Mice that had received neonatal NSC transplants and might have retained normal behavior also were classified at adulthood by the retinal phenotype (LaVail et al., 1993) . The use of animals in the present study was in accordance with National Institutes of Health-approved institutional guidelines established by Harvard Medical School. All efforts were made to minimize the number of animals used and their suffering.
NSC culture and transplantation. Murine C17.2 NSCs were maintained, propagated, and transplanted as previously detailed by Snyder et al. (1992) and Marconi et al. (2003) . Briefly, NSCs were grown in DMEM supplemented with 10% fetal bovine serum, 5% horse serum, and 2 mM glutamine (Invitrogen, Carlsbad, CA) and were maintained as monolayers at 37°C in 95% air/5% CO 2 . The cultures were split (1:10) weekly into fresh medium. These NSCs constitutively express lacZ, typically remaining stable and undiminished for at least 4 months. To assess differentiation, we grew cells on coverslips, and we pharmacologically imposed cell cycle arrest by 1 M mitomycin C (Sigma, St. Louis, MO). Specific antibodies against progenitor and immature/mature neural cell markers then were used to identify the patterns of differentiation of NSCs. In some experiments the conditioned medium from cerebellar slice cultures (see below) was incorporated into the mitomycin C-treated NSC cultures to induce more mature neural differentiation.
Undifferentiated NSCs being prepared for transplantation were trypsinized from 90% confluent flasks and suspended in HBSS (Invitrogen) at 5 ϫ 10 4 cells/l. The cerebellum of a cryoanesthetized newborn mouse pup (P0 -P7) was identified by transillumination of the head, and NSCs were administered via a glass micropipette. The micropipette was inserted through skin and skull, and 10 5 NSCs in 2 l of HBSS or HBSS alone (sham control) was injected into superficial levels of the cerebellar vermis and bilateral hemispheres.
Cerebellar organotypic slice cultures. The method for culturing organotypic slices has been described previously (Samoilova et al., 2003) . Whole cerebellum of P9 mouse pups was removed aseptically and immersed in ice-cold dissecting medium; sagittal slices (400 m thick) were obtained with a tissue chopper. The slices then were transferred onto sterilized porous membrane inserts (Millipore, Bedford, MA) in 30 mm dishes containing 1 ml of culture medium. The culture medium was composed of 50% MEM with glutamine, 25% HBSS, and 25% horse serum with 20 mM HEPES buffer and 6.5 mg/ml D-glucose (Invitrogen). Slice cultures were kept at 35°C in 5% CO 2 for 17 d in vitro (17 DIV), and the medium was exchanged (50% of volume) three times per week. Some slices were cocultured with NSCs (10 5 cells deposited directly onto the slice). Various specific antibodies were used to assess PN survival and cerebellar cytoarchitecture within whole-mount slices.
For quantification of PN survival the slices were classified, according to the number of compact groups of 100 PNs, into four types (MarinTeva et al., 2004) (also see Results). More than 20 slices were scored for each treatment, and the percentage of slices belonging to each type was determined. The slices of nr (homozygous) pups with few surviving PNs were distinguishable from the slices of unaffected (heterozygous or wildtype, wt) pups. Mendelian distribution of the subgroups was obtained.
Histological analysis of cerebellum and neural retina. Mice (P14 -P180) were anesthetized deeply with Avertin (intraperitoneally) and perfused through the heart with fresh 4% paraformaldehyde (Sigma). Brains and eyes were dissected out and kept in the same fixative at 4°C. Cerebellar coronal cryostat sections (8 -10 m thick) were stained with hematoxylin/eosin or neutral red for cerebellar histology and with X-gal (Promega, Madison, WI) for NSCs. Additional animals were perfused with 2% paraformaldehyde plus 2.5% glutaraldehyde (Sigma). Cerebellar samples were cut into thin blocks (Ͻ1 mm) and postfixed with osmium tetroxide and potassium ferrocyanide solution (Sigma). Then the blocks were dehydrated and embedded in Epon 812 (Electron Microscopy Sciences, Fort Washington, PA). We cut orienting sections at 1 m and stained them with alkaline toluidine blue to visualize mitochondria in PNs. In addition, glycol methacrylate-embedded 1-3 m sections from mouse eyes also were stained with toluidine blue for detection of retinal photoreceptor cell degeneration.
Immunofluorescence staining. Paraformaldehyde-fixed samples from cell cultures, cultured slices, or tissue sections were incubated in blocking solution consisting of 3% goat serum (Vector Laboratories, Burlingame, CA) and 0.3% Triton X-100 in PBS at room temperature for 30 min and then reacted with specific primary antibodies at 4°C for 16 -48 h. Each sample was washed three times, for 20 min each, with PBS and stained by secondary antibodies at 4°C overnight. After being washed with PBS, each sample was sealed with mounting medium containing 4Ј,6-diamidino-2-phenylindole (DAPI; Vector Laboratories) to stain cell nuclei and was visualized by fluorescence microscopy [Nikon Eclipse E600 (Tokyo, Japan) or Zeiss Axiophot (Oberkochen, Germany)] and/or confocal microscopy (Zeiss Axiovert 100M).
Primary antibodies included mouse monoclonal antibodies: ␤-galactosidase (␤-gal; Chemicon, Temecula, CA) for staining NSCs, calbindin-D-28K (Sigma) specific for PNs, cytochrome c oxidase subunit IV (COX IV; Molecular Probes, Eugene, OR) for mitochondrial inner membrane, glial fibrillary acidic protein (GFAP; Chemicon) for astrocytes, nestin (BD Biosciences, San Jose, CA) and vimentin (Sigma) for undifferentiated neural progenitors, myelin 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNPase; Covance Research Products, Berkeley, CA) for oligodendrocytes, neuron-specific nuclear protein (NeuN; Chemicon) for cerebellar granule cells, neurofilament (NF; pan-neuronal; Sigma) and tubulin ␤III (Sigma) for basket cell axons and PN somata/ axons, parvalbumin (Chemicon) for stellate and basket cell somata/axons, postsynaptic density protein-95 (PSD-95; Chemicon) for postsynaptic sites, synapsin I (Chemicon) for presynaptic terminals, and tPA (Progen Biotech, Heidelberg, Germany) for tissue plasminogen activator. Primary antibodies also included rabbit polyclonal antibodies: ␤-gal (Chemicon) for staining NSCs, activated caspase 3 (Sigma) for apoptotic cells, BDNF (Chemicon) for proneurotrophin BDNF (proBDNF) and mature BDNF (mBDNF), NT3 (Chemicon) for neurotrophin 3, CD68 (Santa Cruz Biotechnology, Santa Cruz, CA) for active microglia, somatostatin (Chemicon) for Golgi cells, TOAD/Ulip/CRMP 4 (TUC4; Chemicon) for immature neuronal cells, and VDAC (Abcam, Cambridge, MA) for mitochondrial outer membrane. Also used was rat monoclonal antibody AN2 (a gift from Dr. J. Trotter, JohannesGutenberg University of Mainz, Mainz, Germany) for immature glial cells. Secondary antibodies included goat anti-mouse or anti-rabbit IgG (Chemicon) and donkey anti-rat IgG (Jackson ImmunoResearch, West Grove, PA) conjugated with a fluorescent dye (FITC, cyanines 2 or 3, or Texas Red). Individual antibodies were titrated for optimum staining results.
Western blot. Proteins were extracted from NSC cultures or mouse tissues with mammalian protein extraction reagent (Pierce, Rockford, IL) containing a protease inhibitor mixture (Roche, Mannheim, Germany) and were quantified with a BCA protein assay kit (Pierce). Protein (50 g) was denatured at 95°C for 3 min, separated with 12% SDS-PAGE (Bio-Rad, Hercules, CA), and transferred from gel to nitrocellulose membrane (Schleicher & Schuell, Keene, NH). The membrane was blocked with 5% fat-free milk at room temperature for 30 min and incubated with primary antibodies at 4°C overnight. After being washed with TBST buffer (Tris-buffered saline plus Tween 20) for four times, 15 min each, the membrane was incubated with horseradish peroxidaseconjugated secondary antibody for 1 h at room temperature, washed, and then reacted with enhanced ECL Western blot detection reagent (Amersham Biosciences, Piscataway, NJ) for 2 min. A high-performance autoradiography film (Amersham Biosciences) was taped onto the Saranwrapped membrane in a dark room for 2-30 s and then developed to visualize the bound antibody. ␤-Actin served as a control protein on the same blot to eliminate loading variations.
Reverse transcription-PCR. Total RNA was isolated from mouse cerebellum and testis with an RNA purification kit (Invitrogen). The quality of purified RNA was detected in agarose gels. Two-step reverse transcription (RT)-PCR was performed to maximize the uniformity of PCR templates for all reactions. Up to 2 g of total RNA from each sample was reverse-transcribed into the first-strand cDNA in a 20 l volume with oligo-dT primers and the SuperScript first-strand synthesis system (Invitrogen). PCR amplification of the coding sequence of a certain gene was performed by using gene-specific oligonucleotide primers and ReddyMix PCR Master Mix (ABgene, Surrey, UK). PCR products were verified with agarose gel.
Behavioral test. At the eighth week after NSC transplantation both nr mutant mice and wt controls with NSC or sham injections were trained, three trials per day for 3 d, to sustain themselves on a rotating rod (at 10, 20, and 30 rpm for the first, second, and third days, respectively; Economex Instruments, Columbus, OH). The apparatus contained four individual cells (each 9.5 cm in width) and a circular rod with a crosssectional diameter of 3.5 cm covered by knurled Perspex to provide a sufficiently nonslip surface. The rod was suspended at a height of 20 cm. Rotation of the rod was controlled by a quiet synchronous motor driving a ball-bearing drum mechanism. After the training, mouse motor coordination and fatigue resistance were assessed by measuring the time to falling off the rotating rod at 30 rpm with three trials.
Quantification and statistic analysis. The number and proportion of the specific staining positive and negative cells were counted from cell and slice cultures or from a series of representative sequentially cut tissue sections. Quantity I software was used for the quantitative analyses of cDNA and protein bands on gel or film. Multiple factor analysis was used to estimate various parameters that potentially affect the efficiency of NSC integration in cerebellar parenchyma. Comparison between groups, either paired or unpaired as required, was performed with (1) the Student's t or tЈ test (according to results of the homoscedasticity analysis) for the measurement data, (2) the 2 test for enumeration data, (3) the linear regression analysis for correlation data, and (4) the Ridit analysis for ranked data. Results were presented as the means Ϯ SD, and differences were considered as significant at p Ͻ 0.05 or very significant at p Ͻ 0.01.
Results

Bias control and NSC characterization
For the studies reported here, 176 mouse pups were divided into two groups: 118 pups were transplanted as neonates (between P0 and P7) with murine NSCs, and 58 pups were sham-injected (serving as untreated negative controls). To control against possible bias in animal selection and transplantation procedures, we generated NSC-transplanted and sham-treated mice from two mating schemes: heterozygous males were mated with heterozygous females (for analysis of adult mice older than P30) or with homozygous females (for analysis of preweaning P14 -P20 mice). All pups in a given litter were transplanted as newborns by an experimenter blinded to their genotypes. There were no statistical differences between NSC-transplanted and sham-treated mice vis-à-vis age-at-transplantation (P0 -P7), sex, and age-atdeath (P30 -P180; for each comparison, p Ͼ 0.05). Of the 74 mice from the NSC-treated group older than P30, 16 were nr homozygous mutants (22%), and of the 40 mice of the same age from the sham-treated control group, nine were nr mutants (23%), both percentages indistinguishable statistically from the Mendelian expectation of 25%. In addition, NSC integration in cerebellar parenchyma was not affected by gender, age-at-transplantation, age-at-death, and phenotype (nr vs wt; in all cases, p Ͼ 0.05). Given that the nr gene has not yet been identified and hence could not be used to verify the genotype of a given mouse nor are polymorphisms in closely linked gene markers available because all of the mice are coisogenic BALB/c, homozygous at all genetic loci, another means had to be invoked to control for the possibility that NSC-treated nr mutants might not be distinguishable behaviorally from wt controls because of a good therapeutic response. Therefore, we examined histologically the neural retina in all animals to identify those mice that clearly displayed the nr mutant retinal phenotype (LaVail et al., 1993) . Finally, the same stable clone of engraftable, undifferentiated, constitutively lacZexpressing murine NSCs, prepared for transplantation in an identical manner, was used in all animals.
We next detected NSC differentiation in vitro and in vivo. After cell cycle withdrawal induced by mitomycin C (1 M), some cultured NSCs differentiated into neurons (8% of NSCs stained with NeuN, NF, or parvalbumin, but none with calbindin), astrocytes (15% stained with GFAP), and oligodendrocytes (1% stained with myelin CNPase), whereas the others remained as progenitor cells (nestin positive or vimentin positive). To establish that the cultured NSCs responded to appropriate cues, we supplemented the mitomycin C-containing culture medium with a conditioned medium from cerebellar slice cultures. In this case, most NSCs lost their progenitor cell markers (nestin negative and vimentin negative) and gained markers for mature neural cells (Ͼ40% of NSCs stained with NeuN, NF, parvalbumin, GFAP, or myelin CNPase) or immature neuronal (25% stained with TUC4) or glial (15% stained with AN2) cells. To detect NSC differentiation in vivo, we processed tissue specimens from P14 to P180 mice that had been injected neonatally with NSCs, from neonatally sham-injected mice, and from wild-type controls. Most integrated NSCs were negative for progenitor cell markers (nestin negative and vimentin negative) but were stained positively with immature or mature neural cell markers such as TUC4 (8%), AN2 (48%), NeuN (24%), parvalbumin (3%), and GFAP (1%). None of NSCs was stained with the PN marker (calbindin negative; also see below).
NSC transplantation rescues PNs in nr cerebellum
We examined mutant host cerebellar cytoarchitecture in the specimens from P14 to P180 described in the previous paragraph. At P14 the nr cerebellar laminar architecture was still normal (Fig. 1 A) . However, although cerebella from adult nr mice (P30, P60, P120, and P180) showed normal parvalbumin-positive interneurons in the molecular layer (ML) and normal NeuNpositive granule cells in the internal granular layer (GL) (Fig. 1 B) , they also showed severe depletion of calbindin-positive PNs in the lateral hemispheres (Fig. 1C) . In addition, the nr mutation activated many endogenous astrocytes (GFAP positive) in adult mouse cerebellar cortex and white matter. The paucity of activated microglial cells (CD68 positive) and the restriction of caspase 3 staining to some granule cells in young (P14 -P20) and adult nr cerebella indicated that nr PN death might be independent of either microglial activation or caspase 3-mediated apoptosis. These results were consistent with our previous report (Li et al., 2006) .
To evaluate the impact of NSC engraftment, we quantified cerebellar PNs on the BALB/cByJ congenic strain, previously undescribed on this genetic background. In the untreated nr cere-bellum there was severe depletion of PNs, more pronounced in the lateral hemispheres (Ͼ70% PN loss) than in the vermis (ϳ10% PN loss) (Fig. 1C) . However, in the cerebella of adult nr mice that had received NSC implants as neonates, PN number was surprisingly normal in the lateral hemispheres when compared with that in the sham-treated group ( p Ͻ 0.01) (Fig. 1C) , and the neuroinflammatory reactions typically seen in untreated nr cerebellum were also absent (data not shown). We next determined whether these PNs were donor NSCs that had differentiated into new PNs in place of depleted host PNs or were host PNs (somehow protected from cell death in the presence of NSCs). None of the calbindinpositive PNs in the NSC-treated nr mouse cerebellum costained with an antibody to ␤-gal, a stable marker in the exogenous NSCs (Fig. 1 D) . ␤-Gal-expressing cells were indeed abundant, but all were calbindin negative. Furthermore, the surviving PN soma size, width of the ML, dendritic branching, and axon trajectories as visualized with calbindin staining were indistinguishable from normal, a response that could not be attributed reasonably to new PNs derived from NSCs that had downregulated their ␤-gal marker. As final critical evidence, we scored intranuclear Barr bodies (inactivated X-chromosome in mammalian females) in cerebellar PNs of female adult wt mice and nr mice that had been injected neonatally with male NSCs and found that 243 of 300 PNs (81%) in wt mice and 224 of 300 PNs (75%) in NSCtreated nr mice displayed Barr bodies (n ϭ 3 for each group; p Ͼ 0.05) (Fig. 1D) . Therefore, these results indicate that the surviving PNs in NSC-transplanted nr mice are "rescued" host cells, not donor NSCs.
The nr mice Ϯ NSCs (i.e., independent of the number of viable PNs) could survive for Ͼ18 months. That the surviving PNs in NSC-transplanted nr mice were stable throughout life suggested that NSCs did rescue host PNs rather than merely delaying cell death. Moreover, the number of rescued PNs correlated positively with the number of NSCs integrated into the cerebellar cortical parenchyma (detected by X-gal staining) (r ϭ 0.76; n ϭ 15; p Ͻ 0.01), but not with NSCs restricted to the meninges covering the cerebellar surface (r ϭ 0.23; n ϭ 15; p Ͼ 0.05) (Fig. 1 E) . No NSC-injected mice developed tumors.
NSC-rescued PNs retain ability to control motor coordination
To quantify functional recovery, we evaluated motor behavior on a rotarod in four groups of adult mice: (1) wt mice without NSC transplantation (wt; n ϭ 6) or (2) with NSCs (wtϩnsc; n ϭ 8) and (3) nr mice without NSCs (nr/nr; n ϭ 6) or (4) with NSCs (nrϩnsc; n ϭ 8). A Student's tЈ test was used for statistical analysis because of heterogeneity between the groups (F ϭ 10.3 Ͼ Figure 1 . NSCs rescued nr cerebellar PNs. A, Neutral red-stained section of young (P14) nr mouse cerebellum displays a normal cortical cytoarchitecture, including the external GL, the ML, the PN layer (PL, between two blue dotted lines), and the internal GL. The right panel is an enlargement of the small green frame in the left panel. B, Cytoarchitecture and neuronal marker expression of adult (P60) nr mouse cerebellum. Cerebellar sections were immunostained with anti-parvalbumin (parv; red) antibody for interneurons in the ML (left), with anti-NeuN (neun; red) antibody for granule cells in the internal GL (right), and with DAPI (dapi; blue) for nuclei. C, PNs in cerebellar vermis and hemispheres of adult (P60) mice. Ca, Cerebellar sections were stained with anti-calbindin (calb; red) antibody for PNs. Representative images show that the PN number obviously was reduced in the cerebellar hemispheres of nr mice and was preserved significantly by NSC transplantation (nrϩnsc). Cb, PN numbers in cerebellar vermis and hemispheres of three groups of mice (wt, nr, and nrϩnsc). Values represent the means Ϯ SD of PN number (percentage of wt; n ϭ 9; nr vs nrϩnsc in hemispheres, p Ͻ 0.01). Cc, Western blot shows that the decreased calb in adult nr mouse cerebellum mostly was recovered in nrϩnsc cerebellum. D, Host origin of surviving PNs. Da, Cerebellar section of NSCtransplanted nr mouse (P40) was coimmunostained with anti-calb antibody for PNs and anti-␤-gal (green) antibody for NSCs. No colocalization of calb and ␤-gal was found in PNs. Db, Cerebellar section of male NSC-transplanted female nr mice (P40) was stained with DAPI. Barr bodies (yellow arrows) were observed in nuclei of most surviving PNs. E, Relationship between NSC integration and PN survival. Ea, The number of surviving PNs in adult nrϩnsc mice (P40 -P60) was correlated positively with the number of NSCs integrated in cerebellar parenchyma (red oblique line; r ϭ 0.76; n ϭ 15; p Ͻ 0.01), but not with the number of NSCs in the superficial meninges (green oblique line; r ϭ 0.23; n ϭ 15; p Ͼ 0.05). Eb, Representative section of adult (P40) nrϩnsc mouse cerebellum was stained with X-gal (blue dots). NSCs were counted from three sections of each mouse. Scale bars: A-C, E, 50 m; Da, 15 m; Db, 5 m. F 0.01 (7, 7, or 5) ; p Ͻ 0.01). NSC engraftment significantly improved the rotarod performance of nr mice ( p Ͻ 0.05) (Fig. 2 A) . Linear regression analysis additionally confirmed that the extent to which performance on rotarod improved was correlated positively with the number of rescued PNs (r ϭ 0.83; n ϭ 8; p Ͻ 0.05) (Fig. 2 B) . Similar results were obtained in three independent tests at P60 -P120.
PN survival in organotypic slice cultures with and without added NSCs
To begin to dissect the mechanisms underlying NSC-mediated rescue of mutant PNs, we attempted to recreate the phenomenon in vitro by establishing a cerebellar organotypic slice culture system, effective for studying postnatal PN development (Ghoumari et al., 2002; Marin-Teva et al., 2004) . The wt cerebellar cortex in slice cultures retained the normal three layers of interneurons, PN somata, and granule cell bodies (Fig. 3A) . The slices were evaluated semi-quantitatively for PN number and distribution with the following scale (Marin-Teva et al., 2004) : type I, no clusters containing 100 PNs; type II, one cluster of 100 -200 PNs; type III, two clusters of 100 -200 PNs or one cluster of 200 -300 PNs; and type IV, at least three clusters of 100 PNs singly or grouped into one or more clusters totaling 300 or more PNs. In nr cerebellar slice cultures without NSCs, 89, 9, and 2% of slices were classified into type I, type II, and type III, respectively, whereas in cocultures with NSCs the NSCs infiltrated the slice and the PN survival rates shifted to 23% type I, 42% type II, 27% type III, and, now, 8% type IV. Thus the cocultured NSCs in vitro had increased PN numbers significantly in the nr cerebellar slices ( p Ͻ 0.01) (Fig. 3B) . As in the in vivo setting, the restored calbindinpositive PNs in the cocultured slices were not costained with ␤-gal (Fig. 4 B) , indicating host origin of the PNs. Not only had the rescue phenomenon been recapitulated in vitro, but we now had a system amenable to dissecting potential underlying mechanisms.
NSCs directly contact PNs and protect PN organelle in nr cerebellum
We examined the distribution of the NSCs in cerebellar cortex and direct contacts between donor and host cells. Many transplanted NSCs entered or immediately surrounded the layer of nr PN somata, typically making direct contacts with host PNs (Fig.  4 A) . The types of intercellular contacts in cocultures of cerebellar slice and NSCs included (1) NSC soma with nr PN soma, (2) NSC soma with nr PN process or nr PN soma with NSC process, and (3) nr PN process with NSC process (Fig. 4 B) .
To assess whether such contacts are necessary for the rescue of host nr PNs, we placed NSCs under a sterile membrane for which the pores were too small to allow NSCs or their processes to contact host nr PNs in cerebellar slices that were placed on the top side of the membrane. Most PNs in these nr cerebellar slices degenerated, similar to the slices without NSCs as summarized above (Fig. 3B) , and most NSCs under the membrane remained nestin positive or vimentin positive. In another experiment the conditioned medium (but no NSCs) from previous cocultures of NSCs and cerebellar slices was added to the culture medium of fresh nr cerebellar cultures but failed to prevent nr PN death. These results indicated that direct intercellular contacts between donor NSCs and host neurons, rather than molecular mediators in the coculture medium, play a role in nr PN protection. To identify effects of exogenous NSCs on nr PN organelles, we examined histologically the wt and nr PN mitochondria and dendritic and axonal processes in the absence and presence of NSCs. In the absence of NSCs, the young nr cerebellum showed numerous enlarged round mitochondria in 80% of PN somata (Fig. 5A ) and significant reductions of Ͼ50% in the area occupied by PN dendritic branchlets (Fig. 5B) , and the adult nr cerebellum showed reduced numbers of PN axons (Fig. 5C ). When NSCs were transplanted into newborn nr cerebella, these subcellular components in nr PNs appeared to be protected. Specifically, in NSC-engrafted preweaning nr cerebella, normal PN mitochondrial morphology was preserved (Fig. 5A) , and host PN dendritic branchlets were as elaborate as those in wt mice (Fig. 5B) . In neonatally treated nr cerebella examined at adulthood the calbindin immunostaining clearly delineated PN axons with normal trajectories extending through the GL and white matter to synapses on neurons in the cerebellar nuclei (Fig. 5C ). These well preserved subcellular features presumably underlie the NSCmediated retention of normal motor coordination in the nr mutant mice.
NSCs rectify excessive tPA and abnormal downstream targets in nr cerebellum
To explore whether the rescue of nr PNs was related to NSCmediated rectification of excessive tPA in nr cerebellum, we measured tPA protein levels in young and adult mouse cerebella. Increased immunofluorescence intensity of tPA protein in young nr cerebellum remarkably was restored in NSC-treated nr cerebellum (Fig. 6 A) . Western blot also confirmed the 10-fold increases in tPA protein levels in untreated young and adult nr cerebella (Li et al., 2006) and showed reductions close to normal values after NSC transplantation ( p Ͻ 0.01) (Fig. 6 A) . Furthermore, RT-PCR revealed that the rectification of tPA protein levels in young and adult NSC-treated nr cerebella was attributable to normal tPA mRNA expression (Fig. 6B) , suggesting that NSC transplantation probably rectified tPA gene transcription in nr cerebella. This finding was reinforced by the use of two pairs of primers designed to detect tPA C-and N-terminal regions (Fig. 6B) .
Then we examined effects of NSC transplantation into neonatal nr mouse cerebella on a downstream target, VDAC, of the tPA/plasmin proteolytic system (Gonzalez-Gronow et al., 2003; Banerjee and Ghosh, 2004) . Distinct isoforms of VDAC encoded by three genes (VDAC1-3) (Sampson et al., 1997) collectively form large voltage-gated pores in the mitochondrial outer membrane (Zizi et al., 1994) , which not only act as a pathway for the movement of metabolites like ATP in and out of mitochondria by passive diffusion but also may play a role in synaptic transmission (Jonas, 2004) and apoptotic cell death (Crompton, 1999; Shimizu et al., 1999) . We found that alterations of VDAC immunostaining in PN somata and small dendrites of young nr cerebella, which were consistent with the known changes in young nr PN mitochondria (Landis, 1973; Li et al., 2006) , were maintained in normal distributions in NSC-treated nr cerebella. Similarly, changes of COX IV in young nr cerebella (Li et al., 2006) , a key component of the respiratory chain on mitochondrial inner membrane, also were restored in NSC-treated nr PN dendrites and somata.
We next examined the effects of NSC transplantation on neurotrophins, downstream targets of the tPA/plasmin proteolytic system (Lee et al., 2001; Pang et al., 2004) . In young nr cerebella decreased distributions of BDNF and NT3 in the external GL and in PN somata, respectively, were restored effectively by NSC transplantation (Fig. 7A) . Because neurotrophins are modulators of PN dendrite growth and synaptogenesis, we additionally detected PSD-95 that is thought to be necessary for rapid formation and remodeling of postsynaptic components (Marrs et al., 2001) . Reduced PSD-95 proteins in nr cerebella, either on young PN dendrites receiving inputs from climbing and parallel fibers or on adult PN somata receiving inputs from basket cell axon terminals, were recovered in NSC-treated nr cerebella (Fig. 7A) .
NSCs themselves, in proliferation or differentiation phase (Fig. 7B) , produced little tPA protein (Fig. 6 A) but clearly expressed gastrulation brain homeobox 2 ( gbx2) and forkhead box A2 ( foxa2) products (Fig. 7B) , two crucial transcription factors required for cerebellar development (Li et al., 2002) or neuronal differentiation (Norton et al., 2005) , providing a clue to upstream targets regulating tPA gene transcription by which the transplanted NSCs might have rectified tPA expression in host nr cerebellum.
Discussion
NSCs rescue host PNs
In the present study we observe that exogenous NSCs transplanted into a still normal-appearing newborn nr cerebellum rescue host PNs that otherwise would die in the fourth and fifth postnatal weeks (Fig. 1) . The NSC-treated nr mice retain nearnormal motor coordination, as measured by rotarod performance (Fig. 2) . Exogenous NSCs also rescue host nr PNs from death in cerebellar slices in vitro (Fig. 3) . In exploring the cellular and molecular mechanisms leading to this NSC-mediated PN rescue, we have observed that NSCs are effective only if integrated into the cerebellar cortical parenchyma where they make direct contact with PNs, not when simply concentrated entirely at the meningeal surface. Likewise, in cerebellar slices in vitro, NSCs laid directly onto the cerebellar slice rescue host PNs, but they fail to do so if separated from the slice by a filter with small pore diameters. Our trials with conditioned medium were also ineffective. Indeed, within the cerebellar parenchyma in vivo the transplanted NSCs concentrate preferentially in proximity to the PN soma layer and, as demonstrated by confocal microscopy, make direct contact with PN somata and dendrites (Fig. 4) . PNs rescued by neighboring exogenous NSCs (unlike untreated nr PNs) show normal mitochondria, retain PSD-95 postsynaptic expression, and elaborate normal dendritic branchlets (Fig. 5) . Because the nr PN degeneration occurs several weeks after birth (a temporal window for the pathological process to unfold), our results support a critical concept that early stem cell intervention, before the pathophysiological cascade is irreversible, may play a profound role in preventing this abnormal process.
NSCs appear, at least in the case of the nr mutation, to effect their rescue of imperiled PNs by restoring homeostasis to the cell and its milieu, promoting a return toward normal levels of the excessive amounts of tPA that characterize the untreated nr cerebellum (Fig. 6 ). That this imposition of "molecular homeostasis" may be the basis for this PN rescue is supported by observing that nr PNs could be preserved similarly in organotypic slice cultures in the absence of NSCs but in the presence of an antagonist of a key downstream component in the tPA pathway, PKC, or of an inhibitor of tPA itself (Li et al., 2006) . Additional downstream targets of tPA that are altered in nr cerebellum and recovered in NSC-treated nr cerebellum include VDAC and the neurotrophins BDNF and NT3 (Fig. 7) , which will be discussed below.
The molecular mechanism of PN rescue involves tPA
The best-known action of tPA is to cleave its substrate, the singlechain enzymatically inactive plasminogen, to the two-chain serine protease, plasmin (Vassalli et al., 1991; Sheehan and Tsirka, 2005) . Plasmin can cleave a number of extracellular substrates, including fibrin and laminin (Chen and Strickland, 1997) . The potent effect of tPA on fibrin is the basis for its current clinical use as an agent to dissolve acutely formed blood clots in cerebral arteries (Traynelis and Lipton, 2001; Sheehan and Tsirka, 2005) . However, tPA also can bind to other receptors and exert profound and varied neurobiological effects. For example, tPA is a presynaptic component, as shown particularly clearly in certain hypothalamic axon terminals (Miyata et al., 2005) , and is thought to influence normal synaptogenesis, long-term potentiation, and synaptic alterations in disease states (Madani et al., 1999; Sheehan and Tsirka, 2005) . The action of tPA at synapses is based on its cleavage of the NR1 subunit of the NMDA receptor, which probably increases calcium influx (Nicole et al., 2001) and thus accounts for its effect in augmenting the severity of NMDA-mediated excitotoxic lesions. Binding of tPA on the NR2B subunit also may control various forms of seizure activity, particularly well shown in a mouse model of chronic ethanol intake followed by withdrawalinduced seizures (Pawlak et al., 2005) . Ion fluxes also are influenced by a direct effect of plasminogen on the mitochondrial outer membrane. Plasminogen contains five binding segments called "kringles," one of which (kringle 5) specifically can bind brain mitochondrial VDAC to result in partial closure of the VDAC channel (Banerjee and Ghosh, 2004) , interfering with mitochondria-related regulation of intracellular calcium and pH (GonzalezGronow et al., 2003) . In addition, normal PN development involves a switch from dependence on BDNF for cell genesis to dependence on NT3 for cell maturation (Segal et al., 1995) . That the tPA/plasmin proteolytic system can cleave a neurotrophin precursor into the mature neurotrophin is found to be essential for tPA-mediated synaptic plasticity (Pang et al., 2004) and neuronal survival (Lee et al., 2001) . It also was found recently that some tPA actions can be counteracted by a naturally produced inhibitor, neuroserpin (Lebeurrier et al., 2005; Galliciotti and Sonderegger, 2006) .
With specific reference to mammalian cerebellum, granule cells both secrete tPA and also possess tPA receptors on their surface (Verrall and Seeds, 1989) . tPA gene expression is induced during cerebellar development at the stage when granule cells leave the external GL and begin their inward migration (Friedman and Seeds, 1994) ; this dramatic developmental event is retarded in tPA-deficient mice (Seeds et al., 1999) . Lack of tPA activity also impairs cerebellar motor learning (Seeds et al., 2003) , and this may be one example of a more general role of tPA in activity-dependent synaptic plasticity (Seeds et al., 1995) . Our data correlating high cerebellar tPA with motor impairment in the nr mutant mouse and normal cerebellar tPA with good motor function in NSC-treated nr mouse, coupled with data reported by Seeds et al. (2003) , suggest that too high or too low levels of tPA lead to impaired motor function. The same concept is supported by our previous data showing, in the presence of a tPA inhibitor, the increased PN death in wt cerebellar slice cultures (where normal tPA value decreases) in contrast to the decreased PN death in nr slice cultures (where high tPA is restored to near-normal levels) (Li et al., 2006) .
Action of tPA on PN survival may not be limited to the nr mutant case. When a double mutant was created from GluR␦2 Lc mutant and tPA knock-out mice (GluR␦2 were stained with alkaline toluidine blue. Numerous round mitochondria (dark puncta) were found in nr PN soma (red dotted ellipse), but not in wt or nrϩnsc PN soma (red dotted ellipse). B, A significant reduction was shown in young (P16) nr PN small dendrites (calb; red) but recovered in nrϩnsc PN dendrites in the ML. C, The nrϩnsc PNs extended long axons (calb; red) through white matter toward the cerebellar nuclei, but they remained compromised in adult (P60) nr cerebellum that held residual PNs. Scale bars: A, 5 m; B, 30 m; C, 50 m.
elimination of tPA was found to delay the cerebellar PN death expected from the dominant GluR␦2
Lc/ϩ mutation (Lu and Tsirka, 2002) . A closer examination of tPA and neuroserpin levels as well as other components upstream and downstream from tPA, at various ages in the several mouse mutants affecting PNs Figure 6 . NSCs rectified excessive tPA in nr cerebellum. A, tPA protein levels. Aa, Representative images of young (P16) mouse cerebellum stained with anti-tPA (red) antibody. The tPA level in nr cerebellum was obviously higher than in wt and nrϩnsc cerebella. Scale bar, 30 m. Ab, Levels of tPA protein measured with Western blot were extremely elevated in young (P16) and adult (P120) nr mouse cerebella as compared with those in wt or nrϩnsc cerebella. Cultured NSCs in vitro produced very small amounts of tPA protein. Ac, Quantification of tPA protein in young (P16) and adult (P120 -P180) cerebella of wt, nr, and nrϩnsc mice. Values represent the means Ϯ SD of tPA relative levels (percentage of wt; n ϭ 5). Comparison between nr and nrϩnsc, **p Ͻ 0.01. B, tPA(c) and tPA(n) mRNAs were detected by using RT-PCR. Expression of tPA mRNA was upregulated greatly in young (P16) and adult (P120) nr mouse cerebellum and testis, as compared with wt controls. NSC transplantation (nrϩnsc) into cerebellum suppressed the increased tPA mRNA in nr cerebellum, but not in nr testis. (P14) mouse cerebellar sections costained with anti-calb (red) and anti-BDNF (green) antibodies. BDNF, a downstream target of the tPA/plasmin system, existed in the external GL (in rectangle) of wt and nrϩnsc cerebella but was reduced greatly in nr cerebellum. Ab, Representative images of young (P14) mouse cerebellar sections costained with anti-calb (red) and anti-NT3 (green) antibodies. NT3, a downstream target of the tPA/plasmin system, existed normally in PN somata of wt and nrϩnsc cerebella but was reduced greatly in nr cerebellum. Ac, PSD-95 (red) staining, a postsynaptic dendritic marker, was decreased in the ML and increased in PN somata (parallel lines) of young (P16) nr cerebellum as compared with wt and nrϩnsc cerebella. Ad, PSD-95 (red) staining showed many fewer postsynaptic connections (arrowheads) between basket cell axons and PN somata (parallel lines) in adult (P60) nr cerebellum as compared with wt and nrϩnsc cerebella. B, NSCs in monolayer cultures obviously expressed foxa2 and gbx2 transcription factors. Ba, Representative images of NSC cultures in undifferentiated phase (undif. nsc) and differentiated phase (dif. nsc). Bb, Results of RT-PCR with the use of two pairs of primers for each factor showed that foxa2 (primer I for 392 bp and primer II for 349 bp) was expressed equally in undifferentiated and differentiated NSCs, whereas gbx2 products (primer I for 462 bp and primer II for 363 bp) were higher in differentiated NSCs than in undifferentiated NSCs. Scale bars: Aa, 30 m; Ab, 50 m; Ac, Ad, 15 m.
